We present experimental evidence showing that an interacting Bose condensate in a shaken optical lattice develops a roton-maxon excitation spectrum, a feature normally associated with superfluid helium. The roton-maxon feature originates from the double-well dispersion in the shaken lattice, and can be controlled by both the atomic interaction and the lattice shaking amplitude. We determine the excitation spectrum using Bragg spectroscopy and measure the critical velocity by dragging a weak speckle potential through the condensate -both techniques are based on a digital micromirror device. Our dispersion measurements are in good agreement with a modified Bogoliubov model. PACS numbers: 03.75. Kk, 05.30.Jp, 37.10.Jk, In his seminal papers in the 1940s [1, 2] , L. D. Landau formulated the theory of superfluid helium-4 (He II) and showed that the energy-momentum relation (dispersion) of He II supports two types of elementary excitations: acoustic phonons and gapped rotons. This dispersion underpins our understanding of superfluidity in helium, and explains many experiments on heat capacity and superfluid critical velocity. What is now called the "rotonmaxon" dispersion in He II has been precisely measured in neutron scattering experiments [3, 4] and is generally considered a hallmark of Bose superfluids in the strong interaction regime.
We present experimental evidence showing that an interacting Bose condensate in a shaken optical lattice develops a roton-maxon excitation spectrum, a feature normally associated with superfluid helium. The roton-maxon feature originates from the double-well dispersion in the shaken lattice, and can be controlled by both the atomic interaction and the lattice shaking amplitude. We determine the excitation spectrum using Bragg spectroscopy and measure the critical velocity by dragging a weak speckle potential through the condensate -both techniques are based on a digital micromirror device. Our dispersion measurements are in good agreement with a modified Bogoliubov model. In his seminal papers in the 1940s [1, 2] , L. D. Landau formulated the theory of superfluid helium-4 (He II) and showed that the energy-momentum relation (dispersion) of He II supports two types of elementary excitations: acoustic phonons and gapped rotons. This dispersion underpins our understanding of superfluidity in helium, and explains many experiments on heat capacity and superfluid critical velocity. What is now called the "rotonmaxon" dispersion in He II has been precisely measured in neutron scattering experiments [3, 4] and is generally considered a hallmark of Bose superfluids in the strong interaction regime.
The roton-maxon dispersion carries a number of intriguing features that distinguish excitations in different regimes. The low-lying excitations are acoustic phonons with energy E = pv s , where p is the momentum and v s is the sound speed. At higher momenta, the dispersion exhibits both a local maximum at p = p m with energy E = ∆ m and a minimum at p = p r with energy E = ∆ r . The elementary excitations associated with this maximum and minimum are known as maxons and rotons, respectively. The roton excitations, in particular, are known to reduce the superfluid critical velocity below the sound speed. This is best understood based on the Landau criterion for superfluidity in which the critical velocity set by the roton minimum v c ≈ ∆ r p r is lower than the sound speed v s .
To explore the properties of these unconventional excitations, many theoretical works have proposed schemes for producing the roton-maxon dispersion outside of the He II system. Many proposals have been devoted to atomic systems with long-range or enhanced interactions, e.g., dipolar gases [5, 6] , Rydberg-excited condensates [7] , or resonantly-interacting gases [8] . Other candidates are 2D Bose gases [9] , spinor condensates [10, 11] , and spin-orbit coupled condensates [12, 13] . Experimentally, mode softening resulting from cavity-induced interaction has recently been reported [14] , which provides strong evidence for an underlying roton-like excitation spectrum. (a) For a single atom, the lattice modulation creates a double-well structure above a critical modulation depth (top three lines) [1] . In our experiment, the atoms are prepared at the minimum with zero or negative momentum (q * ≤ 0, red dot); see text. (b) With atomic interactions, a roton minimum (○) and a maxon maximum (◻) in the excitation spectrum can form. The dashed line indicates the critical velocity limited by the roton minimum according to the Landau criterion for superfluidity. Dispersions are upward offset with increasing modulation depth for clarity. The lattice reciprocal momentum is ̵ hk L = h λ where λ is the wavelength of the lattice beams and h = 2π ̵ h is the Planck constant.
In this paper we generate and characterize an asymmetric roton-maxon excitation spectrum based on a Bose-Einstein condensate (BEC) in a one dimensional (1D) shaken optical lattice. We implement Bragg spectroscopy and identify the local maximum and minimum in the dispersion associated with the maxon and roton excitations. Furthermore, by dragging a speckle potential through the BEC we show the reduction of the superfluid critical velocity in the presence of the roton dispersion.
We create the roton-maxon dispersion by loading a 3D Bose condensate into a 1D shaken (i.e. periodically phase-modulated) optical lattice. The lattice shaking technique has been used previously to engineer novel band structures [15, 16] and to simulate magnetism [1, 17, 19] . Here, we phase modulate the lattice to create a double-well structure in the single-particle dispersion 0 (q), for which the ground state has a two-fold degeneracy; see Fig. 1(a) . The dispersion with quasimomentum q can be calculated based on a Floquet model [1] . A similar double-well dispersion can also be realized in a spin-orbit coupled system [20] [21] [22] [23] [24] .
The double-well dispersion is modified by atomic interactions. After loading the condensate into one of the two dispersion minima at momentum q = q * , we perform a gauge transformation p = q − q * such that the canonical momentum p and energy of the condensate are zero. The new dispersion is˜ 0 (p) = 0 (p + q * ) − 0 (q * ). One finds that the dispersion are no longer symmetric due to the existence of the other unoccupied minimum; see Fig. 1(b) . Based on a modified Bogoliubov calculation (see supplementary information), we diagonalize the Hamiltonian to obtain the excitation spectrum:
and µ is the chemical potential. For a system with a double-well structure in˜ 0 (p), the theory predicts a roton-maxon structure with the roton minimum occuring near p = −2q * ; see Fig. 1(b) . A similar roton-maxon excitation spectrum has been discussed for a spin-orbit coupled system [12] .
Our experiment to detect this unusual dispersion starts with an almost pure cesium condensate of N 0 = 30, 000 atoms loaded into a crossed beam optical dipole trap (wavelength λ = 1064 nm) with trap frequencies (ω x , ω y , ω z ) = 2π × (9.3, 27, 104) Hz [1] . We turn on an additional 1D optical lattice by retro-reflecting one of the dipole trap beams in the x − y plane at 40 ○ with respect to the x-axis. The lattice depth is approximately V = 7 E R , where E R = h × 1.325 kHz is the photon recoil energy of the lattice beam. The lattice potential is phase modulated at 7.3 kHz which is 0.7 kHz blue detuned from the ground to first excited band transition at q = 0. The phase modulation creates admixed bands, and the ground band develops two minima in its dispersion [1] . We preferentially load the BEC into one of the minima by providing a momentum kick before phase modulating the lattice [1] . We define the direction of the kick as negative, and thus the BEC has a negative momentum q = q * < 0 and the roton minimum is expected at p = 2 q * ; see Fig. 1 (b). To probe the dispersion we perform Bragg spectroscopy [25] by illuminating the atoms with a sinusoidal potential moving along the direction of the shaken lattice. The potential is created from a programmable digital micromirror device (DMD) and a 789 nm laser, which provides a repulsive dipole force. The DMD potential with For a BEC with N0 = 9, 000 atoms loaded in a shaken optical lattice, we measure the excitation spectrum along the lattice direction. The shaking amplitude is ∆x = 65 nm. The solid line is the best fit based on Eq. (1). The inset shows a typical atom loss spectrum taken at k = −0.38 k L . In both panels, the scattering length is a = 47 a0.
velocity v and periodicity d (see Fig. 2 (a) inset) induces a Raman coupling between the condensate with p = 0 and finite momentum states with p = h d. When the Raman detuning E = pv matches the energy of the finite momentum state E(p), a resonant transfer will remove atoms from the condensate. We illuminate the atoms with the moving potential for 40 ms and measure the residual condensate particle number after a 30 ms timeof-flight (TOF). The dispersion can be mapped out by finding the energy which gives the strongest reduction of atom number in the condensate for each momentum p.
To test this technique, we compare the dispersions of the BEC in a harmonic trap and that in a V = 7 E R un- 2 5 and ∆m = B + C(a a0) 2 5 , from which we obtain A = h × 9(1) Hz, B = h × 37(9) Hz and C = h × 8(1) Hz.
shaken lattice to Bogoliubov calculations; see Fig. 2(a) . Condensates in the harmonic trap have the conventional dispersion. In the lattice the excitation energy is suppressed due to the band structure. Fitting our results with the Bogoliubov dispersion yields µ h = 130(4) Hz without the lattice and µ h = 139(3) Hz in the lattice. These values agree well with the independently calculated, trap-averaged chemical potentials µ h = 118 Hz without the lattice and µ h = 146 Hz with the lattice.
We now consider the dispersion of a BEC in a shaken optical lattice, where the roton feature is expected. Here we observe a distinct difference between the excitations at positive versus negative momentum. We work with a peak-to-peak lattice shaking amplitude of ∆x = 65 nm which guarantees a strong double-well feature. Fig. 2(b) shows the dispersion measurement, which contains a clear roton-maxon feature at positive momentum (hereafter the roton direction). In contrast, we do not see this feature for negative momentum (hereafter the non-roton direction). We fit the data with Eq. (1) while allowing the chemical potential µ, the lattice depth V and the shaking amplitude ∆x as fitting parameters. We find the best fit to have µ h = 58(4) Hz, V = 5.9(1) E R and ∆x = 49(3) nm. The low chemical potential is expected and comes from the lower condensate number as well as the weaker, momentum dependent atomic interactions in the admixed band [26] , which also effectively reduces ∆x and V .
The roton energy is determined by atomic interactions and can be controlled by tuning the scattering length. To demonstrate this we prepare samples with the usual procedure but at a higher scattering length a = 70 a 0 followed by ramping the magnetic field to reach the desired scattering length [27] . We measure the excitation spectrum in the roton direction with p > 0 at 6 different scattering lengths, shown in Fig. 3(a) .
We adopt a global fit to the data in Fig. 3 (a) based on Eq. (1) to determine the roton energy ∆ r and the maxon energy ∆ m . Our observation shows that we can experimentally tune the scattering length to vary the roton energy by a factor of 3. Furthermore, we can use scaling arguments to distinguish the behavior of rotons and maxons from the more conventional phonons. For small chemical potentials, the excitation energy for phonons is well-known to scale as µ 1 2 , while the roton and maxon energies are expected to depend linearly on µ; see supplementary information. Furthermore, for an adiabatic ramp of the scattering length, the chemical potential should scale as µ = n 0 g ∝ a 2 5 where g ∝ a is the interaction strength, and the condensate density in the harmonic trap is n 0 ∝ a −3 5 [2] . Therefore, we plot the extracted roton and maxon energies as a function of a 2 5 as a proxy for chemical potential; see Fig. 3(b) . The observed linear dependence confirms the expected scaling for rotons and maxons.
One significant consequence of the roton dispersion is the suppressed superfluid critical velocity v c . We measure the critical velocity of the BEC loaded into the shaken lattice by projecting a moving speckle pattern using the DMD. Instead of using a single laser beam [30] [31] [32] or a lattice with a definite spatial frequency [29] , our speckle pattern contains a broad spectrum of wavenumbers up to the resolution (k ≈ 0.55 k L ) of our projection system. Furthermore, the potential remains locally perturbative (≈ h × 1.1 Hz) to prevent vortex proliferation [33] [34] [35] . When the velocity of the speckle pattern reaches or exceeds the critical velocity, atoms are excited from the condensate. To prevent excitation in the low density tail [29] , we digitally mask out the region of the speckle pattern which could overlap with the edge of the cloud.
We observe a clear threshold in speckle velocity above Above the critical shaking amplitude ∆x > 25 nm, the critical velocity is significantly lower in the roton direction. Our measurement is compared with the critical velocity calculated from Eq. (1) using Landau criterion (dashed lines). In both panels, the scattering length is a = 47 a0 and the initial condensate number is N0 = 9, 000.
which the condensate number decreases; see Fig. 4(a) . The experimental sequence is similar to that used for Bragg spectroscopy: we illuminate the cloud with a moving speckle pattern for 100 ms followed by a 30 ms TOF. To find the critical velocity, we fit the remaining condensate number with a constant value intersecting a linear decay. The intersection point determines the critical velocity v c .
In order to understand the emergence of the rotonmaxon dispersion, we measure critical velocity in both the roton direction p > 0 and the non-roton direction p < 0 with increasing shaking amplitude ∆x; see Fig. 4(b) . In order to maintain similar chemical potential, we prepare the samples with a large ∆x = 65 nm and slowly ramp ∆x to the desired value. For small final ∆x < 25 nm, v c is the same in both directions and decreases as we approach the critical value ∆x c ≈ 25 nm (phonon mode softening). When the gas enters the ferromagnetic phase (∆x > 25 nm) [1] , v c increases immediately along the nonroton direction, while in the roton direction v c remains small.
We compare the measurement with the critical velocity based on the Landau criterion v L = min E(p) p . As the experiment conditions closely resemble those in Fig. 2(b) , we evaluate the critical velocity with µ h = 58 Hz, V = 5.9 E R and ∆x scaled by 0.75, the parameters which best fit that dispersion measurement. The calculated v L , shown as dashed lines in Fig. 4(b) , displays a disparity between the roton and non-roton directions for ∆x > 30 nm, in agreement with our observation. Our critical velocities, however, are significantly lower than v L . In early BEC experiments [31, 32] , low critical velocities were observed and explained by the large obstacles that disrupt the superflow and spin off vortices [33] [34] [35] . In our experiment with weak speckle potential, a likely scenario is that the critical velocity is limited by excitations generated in the low density regions above and below the cloud along the DMD projection axis.
In conclusion, we observe a roton-maxon dispersion of a BEC in a shaken 1D optical lattice. Direct measurements of the dispersion agree well with the modified Bogoliubov model. In our system, the energies of the roton and maxon depend linearly on the chemical potential and can be controlled by the atomic scattering length. We also observe that the critical velocity is strongly suppressed along the roton direction. The creation of a roton-maxon dispersion demonstrates the power of shaken optical lattices to generate new types of quasi-particles, allowing us to study their dynamics, stability and interactions.
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The optical setup that we use for creating and probing the roton-maxon dispersion is shown in Fig. S1(a) . The 1D optical lattice is created by retroreflecting one of the 1064 nm dipole trap beams and is phase modulated using a pair of acousto-optic modulators, as described in our previous work [S1] . We phase modulate the lattice at 7.3 kHz, 0.7 kHz blue detuned from the ground to first excited band transition at q = 0. This modulation couples the two bands and produces a roton-maxon dispersion.
We have implemented a digital micromirror device (DMD: Texas Instruments, DLP LightCrafter 3000) to tailor dynamic optical potentials for probing the dispersion. The DMD consists of a 608 × 684 array of 7.6 µm square mirrors. Each mirror flips individually to one of two angles, separated by 24 ○ . A mirror at the "on" angle will reflect light towards the atom cloud, while the "off" angle reflects light into a beam dump. We reflect a blue-detuned 789 nm laser off of the DMD and use a high-resolution objective lens to project the real space pattern of mirrors in the "on" state onto the plane of the atom cloud. We use additional lenses to demagnify the pattern by a factor of 36. The resolution of the resulting patterns is limited by the objective lens to ∼1 µm, approximately 5 micromirrors across. By having many micromirrors in each resolution sized area we can generate intermediate intensities in static patterns even though the state of each micromirror is binary. The programmed pattern of "on" mirrors can be updated up to 4000 times per second, allowing us to create motion in the projected patterns.
Bragg Spectroscopy with the DMD
In order to create single-wavevector moving lattices for Bragg spectroscopy, we add additional beam selection masks in front of the DMD as shown in Fig. S1(b) . An approximately sinusoidal DMD pattern will diffract the laser into the desired beams as well as many harmonics. By always transmitting only two diffracted beams through a mask we ensure that the projected optical potential contains only the desired wavevector for probing the atoms. Shifting the pattern of the "on" mirrors translates the projected potential by the same amount regardless of the blocking mask. The second important advantage of beam selection is that removing the 0th order diffraction allows us to double the maximum projected wavevector. The 0th order diffracted beam is always more intense than the ±1st, so when all are present the projected potential is dominated by the interference wavevector between the 0th and ±1st. That wavevec- : Optical setup (a) Our optical setup is based on a single high resolution objective lens, which allows us both to perform absorption imaging and to project arbitrary patterns from the DMD onto the atoms (see supplemental text for details). The 1D optical lattice is formed by retroreflecting one of the 1064 nm dipole trap beams after passing it through two acousto-optic modulators (AOMs), which can be used to phase modulate the lattice [S1] . (b) In order to project clean optical potentials for probing dispersion, beam selection masks transmit only the two desired beams diffracted from the DMD. In this way the interference pattern on the atoms contains no confounding wavevectors.
tor is limited by the objective lens to approximately k = 0.55 k L . Once the 0th order beam is blocked, the interference between the 1st and -1st dominates, which raises the maximum projected wavevector to approximately k = 1.1 k L and is sufficient for our experiments.
For any wavevector of the projected potential, the quasiparticle excitation frequency corresponds to the rate at which the pattern's phase shifts by 2π. We typically use sets of 9 lattice patterns, so that each pattern switch corresponds to a phase change of 2π 9. We scan the excitation frequency by changing the rate at which we trigger the DMD to cycle through the set of patterns. To make the movement smoother for probing the small excitation frequencies in Fig. 3 , we use sets of 20 patterns instead.
The dispersion relation corresponds to the points in wavevector and frequency space at which we observe resonant heating of the atom cloud. We determine those points by probing the atomic sample at a fixed wavevector and scanning the DMD triggering frequency. We typically apply the exciting optical potential to the cloud for 40 ms, then perform 30 ms time of flight (TOF) to determine the number of atoms remaining in the condensate. When the excitation is resonant, atoms are excited out of the condensate, which we can observe as a depletion of the atom number in the momentum state of the condensate after TOF. Fig. S2 shows an example loss curve. The fit is to a Gaussian whose center we take to be the resonance frequency. The resonance frequency is not sensitive to the particular fit function chosen: fitting to a Lorentzian instead of a Gaussian typically shifts resonances by tenths of Hz.
The example images in Fig. S2 show the difference between the full and depleted clouds. For this excitation, which at k = 0.44 k L is near the roton momentum, the atoms missing from the main condensate peak (inside the solid white circles) appear at the right side of the image in a location corresponding to the roton momentum after TOF (inside the dashed white circle). For applied potentials with wavevectors far from the roton minimum, the excited atoms do not always appear in a predictable place. However, the depletion of the condensate remains a consistent signal for all excitation measurements and therefore we use it throughout this work. 
Critical velocity measurement
To measure the critical velocity of the condensate, we move a speckle pattern through the atomic sample as shown in Fig. S3 and determine the minimum velocity required to heat the cloud. Heating is detected using the method shown in Fig. S2 . The speckle pattern is generated on the DMD and directly projected onto the atoms with no beam selection mask in between. However, we do use a digital mask to ensure that we apply the speckle only to the region of high chemical potential, see Fig. S3(a) . We create a speckle pattern by randomly turning on or off 4 × 4 sections of micromirrors instead of individual mirrors. Each section still corresponds to an area smaller than our resolution limit but wastes less laser power into large-angle diffracted peaks that cannot be collected by our projection optics. In principle this speckle pattern should excite the gas at a broad range of wavevectors, limited on the low end by the finite size of the condensate to approximately k min = 2π 20µm ≈ 0.05 k L and limited on the high end by the resolution to approximately k max ≈ 0.55 k L .
To move the speckle we trigger the DMD to switch to a different pattern with the same speckle but shifted by 0.3 µm in the plane of the atomic sample. The triggering rate f = 1 ∆t determines the speckle velocity v = f × 0.3 µm. Because the DMD can only store up to 96 patterns, the speckle pattern is forced to repeat after 96 × 0.3 µm= 29µm which is larger than the width of a sample. velocity, because there is no excitation in that direction with smaller phase speed. This is found by minimizing the phase speed only for negative momenta
In the roton direction, on the other hand, rotons can have a smaller phase speed than phonons. Once again the critical velocity is found by minimizing the phase speed, but now for only positive momenta. This function is minimized numerically to produce the dashed red line in Fig. 4(b) above the critical shaking value. For a sufficiently small chemical potential, such that the spectrum away from p = 0 is well approximated by Eq. (S10), we indeed expect the rotons to have a smaller phase speed than the phonons. This implies the critical velocity in the roton direction is well approximated by
We therefore see that the limit of small chemical potential, the ratio of the two critical velocities is given by
where we have used ∆ r ≈ µ and q * 2 2m * ≫ µ for experimentally relevant values. Therefore the critical velocity when moving in the roton direction is significantly smaller than the critical velocity in the non-roton direction. This was observed in Fig. 4(b) .
